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Evolution of ferroelectricity in tetrathiafulvalene-p-chloranil as a function of
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The neutral-to-ionic phase transition in the mixed-stack charge-transfer complex tetrathiafulvalene-p-chloranil
(TTF-CA) has been studied by pressure-dependent infrared spectroscopy up to p = 11kbar and down to low
temperatures, T = 10K. By tracking the C=O antisymmetric stretching mode of CA molecules, we accurately
determine the ionicity of TTF-CA in the pressure-temperature phase diagram. At any point the TTF-CA
crystal bears only a single ionicity; there is no coexistence region or an exotic high-pressure phase. Our
findings shed new light on the role of electron-phonon interaction in the neutral-ionic transition.
PACS numbers: 77.80.B-, 71.30.+h, 63.20.kd
I. INTRODUCTION
While many of the exotic ground states investigated
in condensed matter physics are only of academic in-
terest, ferroelectricity has already realized widespread
applications for a century.1,2 Organic charge-transfer
salts have an enormous potential in the field of fer-
roelectricity and even multiferroicity;3–6 and for many
decades TTF-CA is considered the prime candidate.7
The mixed-stack compound is composed of the electron
donor tetrathiafulvalene (TTF) and the acceptor chlo-
ranil (CA), which makes the physical properties rather
one dimensional.9 The charge transfer between TTF(+ρ)
and CA(−ρ) is strongly temperature-dependent and com-
monly described as ionicity ρ. At ambient conditions
the material is a paraelectric insulator with a room-
temperature ρ = 0.2;10 this phase is called quasi-neutral.
Upon cooling down, the ionicity gradually increases to
ρ = 0.3 until the first-order transition takes place at
TNI = 81K characterized by a jump to ρ ≥ 0.5 where
TTF-CA enters the quasi-ionic phase. The neutral-ionic
transition (NIT) is accompanied by a Peiers-like dimer-
ization of the stacks leading to permanent dipoles and
thus a ferroelectric state.8–13 The ground state contin-
ues to be a subject of intense research because of many
outstanding questions and not yet completely understood
properties such as light-induced metastable states,14 neg-
ative differential resistance,15 anomalous dielectric re-
sponse due to electronic ferroelectricity,8,16 a possibly
multiferroic character of the ionic phase,17 or an exotic
high-pressure quasi-ionic state.18
Ground states of many organic conductor are found to
be highly sensitive to hydrostatic pressure, and TTF-CA
is no exception.19 The NIT in TTF-CA can be driven
either by pressure (p-transition)20–22 or temperature (T -
transition).7 The pressure-driven transition at room tem-
perature has attracted enormous interest since its dis-
covery almost three decades ago.23,24 In contrast to the
T -transition, the p-transition does not exhibit a jump in
ionicity but a gradual increase of ρ which crosses 0.5 at
about pNI = 8.5 kbar.
25 This leads to the open question
of the role of the electron-phonon interaction in the real-
ization of the ionic state.
Optical spectroscopy is a powerful experimental
method to determine the charge of molecules and molec-
ular materials.26–29 Certain intra-molecular vibrations
have a strong and in first approximation linear depen-
dence of their resonance frequencies on the molecular
charge. If these charge-sensitive vibrations are isolated
in frequency, the molecular charge can be easily and ac-
curately estimated from infrared as well as Raman spec-
troscopy. The findings coincide very well with theoretical
calculations and alternative methods such as NMR and
x-ray scattering. In case the modes of interest are not
well-isolated in frequency or even overlap, the pressure
and temperature dependences may help to distinguish
the charge-sensitive vibrations from other features. In
TTF-CA the most interesting vibration is the ν10(b1u)
stretching mode of the CA molecule which mainly in-
volves the C=O bond.30 Its frequency strongly depends
on the charge and follows the relation
ν10(ρ) = 1685 cm
−1 − (160 cm−1 × ρ) . (1)
Temperature-dependent experiments at ambient pressure
clearly show a jump in the resonance frequency at TNI.
On the other hand, pressure-dependent measurement at
room temperature reveal only a gradual evolution of the
resonance frequency and suggest a different high-pressure
phase. There is an ongoing discussion whether already
at pNI = 8.5 kbar the system enters a state in which
two sorts of CA-molecules with different ionicities are
present18,31 or whether a pressure of 16.5 kbar and more
is necessary to induce the coexistence of quasi-ionic and
quasi-neutral phases.25
Previous optical experiments of TTF-CA under pres-
sure could give only an incomplete picture since they
were strongly limited in temperature,21 hence we investi-
gated the neutral-ionic transition in a wide temperature
range down to T = 10K and up to a pressure of 11 kbar.
The ionicity of TTF-CA was extracted from the ν10(b1u)
stretching vibration of CA for all measured pressures and
temperatures. This gives some insight concerning the
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FIG. 1. Mid-infrared reflectivity of TTF-CA at different pressure values and temperatures; the spectra are taken on powder
samples and shifted for clarity. Panels (a) and (b) show the pressure evolution at room temperature and T = 10K, respectively.
The pressure values indicated in (b) refer to the actual low-temperature pressure. Spectra belonging to the same room-
temperature pressure are plotted in the same color. Panels (c) and (d) exhibit the temperature dependence starting with a
pressure of 3 and 11 kbar at room temperature, respectively. The pressure decreases due to cooling from 3 kbar (11 kbar) at
room temperature to 1.1 kbar (10.1 kbar) at 150K, 0.4 kbar (9.8 kbar) at 80K, down to 0.1 kbar (9.6 kbar) at 10K. The A band
(marked with circles) is assigned to the charge-sensitive C=O antisymmetric vibration of the CA molecule ν10(b1u). The B
′,
B1, B2 and the C bands (marked with triangles and rhombi) are discussed in the text. The appearance of these bands indicates
that the NIT happens at 8.5 kbar for T = 300K. At the lowest measured temperature of 10K, the system is in the quasi-ionic
phase for all pressures. Upon cooling at 3 kbar (room temperature pressure) the NIT is marked by the appearance of B′ and
C bands below 90K. For a pressure of 11 kbar, TTF-CA is in the quasi-ionic phase even at T = 300K.
coexistence of different ionicities at high pressures and
temperatures.
II. EXPERIMENTAL
Optical reflectivity measurements of TTF-CA samples
were performed in the mid-infrared frequency range from
500 to 8000 cm−1 utilizing a Fourier-transform infrared
spectrometer of the type Bruker IFS 66v/S equipped with
a CryoVac He-flow cryostat which could reach tempera-
ture as low as 10K. In order to investigate the optical
properties under hydrostatic pressure, we employed a pis-
ton cylinder cell CC33 of the Institute of High-Pressure
Physics, Russian Academy of Sciences, and Daphne 7373
as pressure medium. The sample was directly mounted
onto the type IIa diamond window; hence, we probe the
reflectivity off the diamond-sample interface. In the fre-
quency range between 1800 and 2700 cm−1 the strong
multi-phonon absorption in diamond prevents reliable
measurements. Pressure of up to 11 kbar was applied
at room temperature and the cell closed. When the
copper beryllium cell is cooled down, the actual pres-
sure is significantly reduced due to thermal contrac-
tion. Hence we thoroughly determined the temperature-
dependent pressure loss beforehand, using ruby fluores-
cence spectroscopy. With this pressure calibration, the
real low-temperature pressure is known within an error
of ±1 kbar.32 The pressure cell with the mounted sample
was not opened until the measurements were completed
at all desired temperatures and pressure values.
Fresh TTF-CA single crystals were grown by plate
sublimation method.33 The obtained specimens, how-
ever, were too thin for optical measurement and par-
tially transparent in the mid-infrared frequency range.
Therefore, the measurements were performed on 1mg of
powdered TTF-CA crystals that were finely ground and
firmly pressed. Obviously, we do not gain information on
the optical anisotropy and also the absolute conductivity
values are not particularly meaningful. With this in mind
we analyzed the measured reflectivity spectra directly by
a fit to a sum of Lorentz terms34 with additional Fano
contributions in order to better describe coupled vibra-
tional features.29,35,36 Here the contribution of a single
vibrational model to the real and imaginary part of op-
tical conductivity reads
σFano1 (ν) = σ0
γν
[
γν(q2 − 1) + 2q(ν2 − ν20 )
]
(ν2 − ν20)
2 + γ2ν2
, (2a)
σFano2 (ν) = σ0
γν
[
(q2 − 1)(ν2 − ν20 )− 2γν
]
(ν2 − ν20)
2 + γ2ν2
, (2b)
where ν0 is the resonance frequency, q the phenomeno-
logical coupling parameter, and σ0 the amplitude of the
Fano contribution. The linewidth γ relates to the damp-
ing constant τ as γ = 1/(2picτ).
3III. RESULTS
In Fig. 1(a) the room temperature reflectivity spec-
tra of powdered TTF-CA crystals are plotted for the
spectral range around the ν10(b1u) mode. The increase
of the reflectivity with frequency is an artifact caused
by the multi-phonon absorption of the diamond window
that becomes dominant above 1700cm−1; here we fo-
cus on the vibrational features seen as small but dis-
tinct bands on top of it. At ambient condition and
low pressure values, we identify a single band around
1650 cm−1 that is assigned to the ν10(b1u) mode of the
C=O stretching vibration (labeled as A band). With in-
creasing pressure this band shifts to lower frequencies,
and broadens slightly. Above 9 kbar additional features
appear: the B′ band at 1575 cm−1 together with two C
bands at lower frequencies. As discussed in more de-
tails below, these bands are due to symmetric vibrations
that become infrared-active by the interaction with elec-
trons, the so-called electron-molecular vibration (emv)
coupling.26 At the pressure-induced neutral-ionic tran-
sition pNI = 8.5 kbar the charge transfer increases and
dimerization of the TTF-CA stacks is modified; hence
the emv-coupled modes become pronounced.30 Our find-
ings agree well with previous pressure-dependent mea-
surements at room temperature.
The temperature dependence of the reflectivity is dis-
played by Figs. 1(c) and (d) for low and high pressure,
respectively. Note that the indicated pressure values cor-
respond to the pressure applied at T = 300K; it decreases
with cooling. In Fig. 1(c) it is seen that starting with
p = 3kbar at room temperature, the ν10(b1u) mode (A
band) shifts only weakly with cooling. The NIT is evi-
dent by a jump to lower frequencies at TNI ≈ 80K. Ad-
ditional B′ and C bands appear in the quasi-ionic phase
as observed for the p-driven transition [Fig. 1(a)].
Fig. 1(b) displays the pressure dependence of the bands
of interest at T = 10K, the lowest temperature mea-
sured. The pressure values shown are corrected for the
pressure loss. Since the A band is always observed below
1605 cm−1, which corresponds to the threshold ionicity of
0.5, the system remains in the quasi-ionic state for any
pressure. Accordingly, the emv-coupled B′ and C bands
can be identified at low temperatures for any pressure
applied. The B′ further becomes resolved into two vi-
brations labeled B1 and B2 at lower pressures. On the
other hand, the C3 band seems to merge with the C2 at
low pressure. Similarly, the two modes cannot be dis-
tinguished in the room temperature spectra even at high
pressure, as seen in Fig. 1(d).
In Fig. 2 the vibrational bands of TTF-CA found at
lower frequencies are displayed for different pressure val-
ues; the spectra are taken at T = 300 and 10K, as in-
dicated. The two asymmetric modes around 1110 cm−1
and 1125 cm−1 are assigned to the ν15(b1u) vibration of
TTF and the ν11(b1u) mode of CA, respectively. The as-
signment of the symmetric bands at 910 cm−1, 980 cm−1
and 1275 cm−1 is not that clear. The broad band at
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FIG. 2. Pressure-evolution of the low-frequency reflectivity
spectra of TTF-CA spectra measured at (a) room tempera-
ture and (b) T = 10K. For the assignment of the different
bands see text. Note, that all features become sharper with
increasing pressure.
980 cm−1 is most likely due to the ν3(ag) vibration of
CA,30 but the origin of the peaks at high pressures and
low temperatures [top curve of Fig. 2(b)] remains unre-
solved. All four vibrations are emv-coupled. Somewhat
unexpectedly, they all sharpen significantly under pres-
sure at all temperatures.
IV. DISCUSSION
In Fig. 1 we have noticed that at high pressure values
and at low temperatures a new set of modes appear, la-
beled as B′ and C bands. Since they are not prominent
in the neutral phase, it is safe to conclude that these
bands are infrared silent modes. The C2 and C3 bands
become infrared-active only by emv-coupling and hence
are symmetric modes, probably the ν2(ag) mode of TTF
and the ν1(ag) mode of the CA molecule, respectively.
30
The C1 mode is the only one which can also be identi-
fied in the quasi-neutral phase, and thus we assign to the
asymmetric ν14(b1u) mode of TTF.
The assignment of the B′ band around 1575 cm−1
is not straightforward as it contains two components,
one of which was controversially discussed in previous
publications.18,25 In single-crystal measurements a mode
appears at 1570 cm−1 below the transition temperature,
for light polarized parallel to the stacking direction. This
mode can be unambiguously assigned to the symmet-
ric ν2(ag) vibration of CA. While the mode is present
only in the ionized state, its resonance frequency does
not depend on the ionicity of CA.30 Driving TTF-CA
through the p-dependent transition at room temperature
leads to the rise of an additional feature at 1580 cm−1
above the critical pressure. This band was observed in
single-crystal measurements by several groups,18,25 but
its origin is still under discussion (it is commonly called
4TABLE I. Assignment of select observed features to vibra-
tional modes of TTF or CA.
Label Vibrational mode Label Vibrational mode
A ν10(b1u) of CA C1 ν14(b1u) of TTF
B1 ν2(ag) of CA C2 ν2(ag) of TTF
B2 unclear assignment, see text C3 ν1(ag) of CA
B band). Masino et al. link it to the ν10(b1u) of CA; they
also assign their A band to the same CA vibration.18
Accordingly, they claim the appearance of a second ion-
icity and thus a new state in which two different sorts of
molecules with distinct ionicities coexist. Their assign-
ment is mostly based on the fact that this band is only
detected in the ionized state and that previous measure-
ments and calculations do not predict other molecular
vibrations in this frequency range.30 On the other hand,
Matsuzaki et al. assign the same vibration to an infrared-
active mode, as they are able to identify the B band also
in the neutral state thanks to measurements of superior
sensitivity.25 No matter whether one follows their assign-
ment, it is important to notice that the mode exists in
the neutral state and that its frequency does not depend
on the ionicity.
At low temperatures and low pressures the two con-
tributions to the B′ band can be resolved and assigned:
the lower-frequency B1 band to the ν2(ag) vibration and
the B2 band to the other vibration discussed above. Ap-
plying a careful fitting procedure, we can further resolve
the two vibrations for higher pressures at the lowest tem-
perature. Thus we conclude that the high-temperature
B′ band consists of two components, one being ν2(ag)
of CA and the other an infrared-active mode of unclear
assignment, both of which are not charge sensitive. It is
well-established that at ambient pressure the ionic phase
consists of only one sort of TTF-CA molecule with a sin-
gle well-defined ionicity. From Figs. 1(b) and (d) it is
clearly seen that the B′ band does exist at low tempera-
tures for all pressure values measured, and that it changes
smoothly through cooling at high pressures; we see no
evidence of an extra ν10(b1u) component. Within our
temperature and pressure range the high-pressure phase
comprises only one type of CA molecule. Table I sum-
marizes the final mode assignment.
According to the above arguments there is no ground
left to claim a non-dimerized quasi-ionic phase of TTF-
CA that exists at room temperature above 9 kbar. In
TTF-CA the emv-coupled modes are activated by the
stack dimerization.30 A non-dimerized quasi-ionic state
should show fewer, or different, emv-coupled modes com-
pared to the regular state. However, Figs. 1(a) and 2(a)
provide strong evidence that the number of emv-coupled
vibrations does not change with increasing pressure; the
same is true for the high-pressure (11 kbar) spectra with
varying temperature, as shown by Fig. 1(d). These re-
sults rule out a non-dimerized quasi-ionic phase of TTF-
CA above 9 kbar.
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FIG. 3. (a) Temperature dependence of the ionicity ρ of
TTF-CA at different hydrostatic pressure. The labels des-
ignate the value of pressure at room temperature, while the
lines follow separate cooling runs from room temperature to
10K. The color of the points gives the corrected pressure as
shown by the legend. The empty triangles represent sepa-
rate ambient-pressure measurements on a single crystal. The
quasi-ionic phase is defined by an ionicity ρ > 0.5. (b) Phase
diagram of TTF-CA as obtained from our optical measure-
ments. The transition temperature under applied pressure
(circle) increases by 25K/kbar, starting from the 81K at am-
bient pressure (triangle). Note that the pressure values shown
here are corrected for the losses by thermal contraction.
From our experiments we can can safely conclude that
TTF-CA crystals have only one ionicity within our tem-
perature and pressure ranges. From the advanced fit
of the reflectivity spectra with Fano terms for vibra-
tional features we obtain the resonance frequency of the
ν10(b1u) feature and calculate the ionicity of TTF-CA at
all temperatures and pressure values, according to Eq.
(1). At low pressures [cf. Fig. 1(b)] and close to the
transition temperature [cf. Fig. 1(c), 90K] the A band
is somewhat smeared out, which makes the estimation
of the resonance frequency very difficult in these regions.
Accordingly, certain points in the phase diagram contain
rather large error bars. Fig. 3(a) exhibits the ionicity of
TTF-CA as a function of temperature for different pres-
sure runs. The corrected pressure is displayed as the color
of individual points. Even with the rough temperature
steps chosen in these optical experiments (∆T ≥ 10K), it
can be seen that the transition gets broader with increas-
ing pressure. Surprisingly, in the quasi-neutral state both
5pressure and temperature have a significant effect on the
ionicity, while the ionicity hardly changes anymore once
the quasi-ionic phase is stabilized; neither with pressure
nor with temperature.
Based on our extensive optical investigations we can
construct a revised phase diagram of TTF-CA as a func-
tion of pressure and temperature, displayed in Fig. 3(a).
As our findings do not give any indications for an exotic
phase above 9 kbar, only two different phases are shown
in Fig. 3(b). The temperature of the NIT has a linear
dependence on pressure with a slope of 25K/kbar; note
that we refer to the actual pressure present at low tem-
peratures. Extrapolation of our data reveal that at room
temperature the dimerized-stack, quasi-ionic phase sets
in at about pNI = 8.5 kbar. This optical phase diagram
is in good agreement with previous pressure-dependent
studies.21,24,37 We do not observe a critical pressure be-
low which the NIT-temperature levels off at TNI = 81K.
This contradicts previous dc transport measurements of
Mitani et al.,24 who report a pressure-independent transi-
tion temperature. This discrepancy at low-temperatures
can be explained by the precaution we have taken to care-
fully include the pressure loss with cooling in the entire
temperature range. The pressure loss in piston cylinder
cells generally becomes stronger at lower temperatures
and is especially important at low pressures: for instance,
Fig. 1(b) demonstrates how the pressure in the cell is re-
duced from 3kbar at room temperature to only 0.1 kbar
at 10K.
There is another observation we would like to draw
the attention to. Usually vibrational modes become
sharper upon cooling, as a consequence of thermal broad-
ening. They also are smeared out when pressure is
applied because the phonon density of states spreads
out with pressure, leading to a larger probability for
phonon-phonon scattering and a widening of the vibra-
tion lines. In the present case of TTF-CA, however, our
pressure- and temperature-dependent measurements re-
veal a rather unexpected behavior. As shown in Figs.
1(a), (b) and 2, the B1, C1 and C3 bands as well as the
lower-frequency bands around 980, 1110, and 1250 cm−1
clearly become more pronounced with pressure. One
might argue that the phonon-phonon interaction does not
increase with pressure, thus allowing the modes to nar-
row even though the phonon density of states becomes
wider. However, the mode narrowing is also seen at tem-
peratures as low as 10K where we do not expect the
phonon-phonon scattering to play any significant role.
For a more quantitative analysis of these pressure-
dependent modes we apply a Fano fit according to Eq.
(2). It is instructive to represent the mode strength of
each Fano contribution by spectral weight
∫
|σ1(ν)|dν
(the absolute value has to be taken because the Fano con-
tribution to conductivity can also be negative in sign).
Fig. 4 displays the low-temperature parameters of the
B1, C1 and C3 bands as a function of pressure. For
clarity’s sake we leave out the low-frequency vibrational
bands which become stronger with pressure in a similar
FIG. 4. Pressure dependence of the mode parameters ob-
tained from the Fano fit [Eq. (2)] of select vibrational features
of TTF-CA at 10K: (a) resonant frequency, (b) the damping,
(c) spectral weight (see text), and (d) the Fano coupling pa-
rameter. The error bars indicate the uncertainty of fits to the
reflectivity spectra of powder.
manner, as well as the A and C2 bands which do not
show a clear trend with pressure. It is apparent that for
the modes shown in Fig. 4 the spectral weight increases
with pressure, especially above 4 kbar. This further cor-
responds with a dip in the coupling constant and a change
of damping in C3 around 4 kbar, the origin of which is as
of yet not understood. The vibrations in question include
some emv-coupled as well as infrared-active modes. As
pressure is applied, the modes become more pronounced
because the ionicity is not independent on pressure. As
demonstrated by Fig. 3(a), the low-temperature ionic-
ity ρ gradually increases with pressure. Certain molec-
ular vibrations depend on ionicity, and the coupling can
change not only their resonant frequencies but also other
parameters, including strength. In the ionic phase of
TTF-CA the latter is particularly noticable for some CA
modes [the B1 band, ν2(ag); the C3 band, ν1(ag); the
ν11(b1u) around 1125 cm
−1; the 980 cm−1 band which is
most likely the ν3(ag) of CA] and TTF modes [the C1
band, ν14(b1u); the ν15(b1u) around 1110 cm
−1].
V. CONCLUSION
We have performed comprehensive reflectivity mea-
surements on TTF-CA under hydrostatic pressure up to
11 kbar in the temperature range from 300K down to
10K. By evaluating the charge-sensitive ν10(b1u) vibra-
tional mode of the CA molecule, we determined the ion-
icity of the system as a function of both temperature
and pressure; hence we could compose a revised phase
diagram of TTF-CA which connects the temperature-
driven neutral-ionic transition with a critical tempera-
ture of TNI = 81K and the pressure-driven transition
6with a critical pressure of pNI = 8.5 kbar. By care-
fully comparing the pressure-dependent spectra at high
and low temperatures with the temperature-dependent
spectra at high and low pressures, we can exclude an
exotic high-pressure phase in the measured region. In
contrast to previous suggestions,18,31 the phase diagram
constructed from our optical measurements contains only
two phases: the quasi-neutral and one quasi-ionic phase.
The neutral-to-ionic transition temperature increases lin-
early with pressure by 25K/kbar. We additionally point
out the atypical pressure dependence of the vibrational
mode strength in the quasi-ionic phase, most likely due
to the coupling to ionicity.
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